Cardiac resynchronization therapy (CRT) with or without a defibrillator reduces morbidity and mortality in selected patients with heart failure (HF) but response can be variable. We sought to identify pre-implantation variables that predict the response to CRT in a meta-analysis using individual patient-data.
Introduction
Despite the successes of pharmacological therapy for heart failure (HF), many patients remain symptomatic, many relapse after a period of control, the underlying disease often progresses and morbidity and mortality still remain high. For some patients, symptoms and/or prognosis can be improved by implanted devices. Cardiac defibrillators (ICD) are designed to treat malignant ventricular tachyarrhythmias and are highly effective in preventing sudden arrhythmic death. 1 Cardiac resynchronization therapy (CRT) has a broader range of therapeutic benefits in appropriately selected patients, including improvements in cardiac function symptoms and quality of life and reductions in HF-related hospitalizations and death. 2, 3 Devices with both CRT and ICD functions (CRT-D) are often implanted and have been shown to be superior to an ICD alone in improving outcome. 4 Clinical trials are designed to show the average effect of an intervention in the population enrolled and usually lack the power to assess effects within subgroups. However, from a patient and clinician perspective, estimating risks and benefits on an individual basis is paramount. Clearly, CRT will sometimes fail to improve cardiac function, symptoms, or prognosis. This has spawned many observational studies attempting to identify predictors of success or failure, usually based on surrogate outcomes. 5 -7 These may be unable to untangle the therapeutic response to CRT from the natural history of the underlying disease. 5 Ideally, analyses to predict benefit or lack thereof should be done on data from randomized trials. Several meta-analyses using aggregate data from trials of CRT have been reported but these are limited by variable reporting of subgroup data and cannot reliably investigate potential interactions between variables, for example QRS duration and morphology, conferred by access to individual patient data. 2, 4 Accordingly, we undertook an individual patient meta-analysis on data from five landmark randomized clinical trials of CRT.
Methods
All five randomized controlled trials comparing CRT compared with no CRT with ≥6 months of follow-up for which Medtronic could supply individual patient data were used in this analysis. Two relevant large trials, COMPANION and MADIT-CRT, were not included as the authors did not have access to individual patient data. Data were pooled on 4317 patients comparing either CRT with no active control (no device or back-up pacing; CARE-HF, 8, 9 MIRACLE, 10 REVERSE 11, 12 ) or CRT-D with ICD (REVERSE, 11, 12 MIRACLE ICD, 13, 14 RAFT 15 ). In order to create a more homogeneous population, patients in New York Heart Association (NYHA) class I (107 patients from REVERSE) and those in atrial fibrillation or with a pre-existing pacemaker (338 patients from RAFT) were excluded.
Statistical analyses were done using the intention-to-treat principle and included patients who failed to receive their assigned treatment. In CARE-HF, 19 (4.6%) patients failed to receive a CRT device after one or more attempts. In RAFT, five patients (0.6%) failed to receive an ICD and 53 (5.9%) a CRT-D. Successful implantation prior to randomization was required in the MIRACLE, MIRACLE ICD, and REVERSE trials. Implant failure rates in these three studies were 7.8, 10.8, and 3.3%, respectively.
The following baseline variables were included in the analyses: age, sex, NYHA class, aetiology, QRS morphology, QRS duration, left ventricular ejection fraction (LVEF), and systolic blood pressure. Core-laboratory values were used for ECG measurements in CARE-HF, REVERSE, and RAFT, and for echocardiographic assessment of LVEF in all studies except RAFT.
The two outcomes of interest specified for this analysis were all-cause mortality and the composite of hospitalization for HF or all-cause mortality. Hospitalizations were adjudicated by committees blind to treatment allocation in each study.
Statistics
Continuously distributed data are shown as both mean and standard deviation and median, inter-quartile range (IQR), and full range (FR). Categorical data are shown as percentages. Because data were pooled from multiple studies which may be heterogeneous for one or more unaccounted factors affecting outcomes, shared frailty models were used for both endpoints with random effects for each study following a gamma distribution. These models included main effects of the covariates defined above as well as corresponding interaction effects with CRT. Quantitative variables (age, LVEF, QRS duration, systolic blood pressure) were treated as continuous variables in the models. QRS duration was normalized by subtracting 120 ms from each QRS value. Patients in NYHA class III were enrolled in all studies except REVERSE and served as the default for calculating hazard rate.
Additional models were fitted for subgroup analyses to estimate CRT effects among specific homogenous patient groups. Age and systolic blood pressure were split by quartile, whereas LVEF was partitioned by pre-specified cut-offs of ≤15, 16-20, 21 -30, 31 -35, and .35%. Other subgroups were categorical, including QRS morphology [left bundle branch block (LBBB) or not]. For each subgroup, a univariate frailty model was fitted, with CRT as a fixed effect and random study effects accounted for and the corresponding hazard ratio (HR) and 95% confidence bound for the HR of CRT compared with control was calculated.
To investigate the relationship between QRS duration and the effect of CRT, Cox proportional hazards models were fitted for each prespecified endpoint with all significant main effects from the frailty model, main effects for CRT and normalized QRS duration, and the interaction effect for normalized QRS duration and CRT. The model tested a linear interaction effect for QRS duration and CRT, and a nonlinear interaction effect incorporating a third-order P-spline with 4 degrees of freedom. The latter interaction term was tested to determine whether the HR for CRT changes over different QRS duration subgroups in a nonlinear manner. P-splines allow for fitting complicated curvilinear patterns and so were utilized. The predicted values from each model were used to determine and plot the estimated HR of CRT for QRS duration as a continuous measure. To assess the variability of the results, 95% bootstrap confidence intervals were determined for each set of HRs. While random study effects were not incorporated into these models, sampling with replacement was performed such that each study/treatment arm combination provided the same number of subjects in each sample as in the original cohort.
Results
Altogether, 3872 (76%) patients were included in this analysis ( Figure 1 ; Table 1 ). The median (IQR) age of patients was 66 (58-73) years, 868 (22%) were women ( Table 2) , 1995 (52%) were in NYHA class III or IV, and 2232 (58%) had ischaemic heart disease, including 1926 men (64% of men) and 306 women (35% of women). Only 81 patients in REVERSE were assigned to receive CRT or back-up pacing, and, therefore, among NYHA II patients J.G. Cleland et al. who were enrolled, the comparison was predominantly CRT-D vs. ICD. The median value for LVEF (IQR) was 24 (20-28)%; it was 116 (105 -130) mmHg for systolic blood pressure and was 160 (146-176) ms for QRS duration, with 78% having LBBB.
Comparing patients assigned to CRT/CRT-D or to the control group in the whole population, the HR for all-cause mortality was 0.66 (95% CI 0.57-0.77), and it was 0.65 (95% CI 0.58-0.74) for death or HF hospitalization (Figure 2A and B) .
A significant interaction between CRT and QRS duration ( Table 3 ) was observed, for both the composite outcome (P , 0.0001) and allcause mortality alone (P ¼ 0.0013), suggesting that patients with longer QRS durations derive greater benefit from CRT. Use of P-splines to examine the relationship between the effect of CRT and QRS duration as a continuous variable demonstrated a progressive increase in the benefit of CRT for both endpoints as QRS duration increased (Figure 3) . The analyses yielded a significant nonlinear relationship with regard to the composite of death/HF hospitalization (P ¼ 0.0039), with a plateau of effect beyond 180 ms for the composite outcome, but not for mortality alone (P ¼ 0.3454). The estimated HR crossed 1.0 at 126 ms for all-cause mortality and at 132 ms for the composite, suggesting possible benefit from CRT when QRS duration exceeds these values. The 95% confidence bounds excluded 1.0 beginning at 140 ms for each endpoint, providing robust evidence of benefit from CRT when QRS duration exceeds this limit.
Interactions between CRT and other covariates were not significant in a multivariable model that included QRS duration. Similar reductions in all-cause mortality were observed with CRT regardless of whether the comparator was or was not an ICD and regardless of age, sex, NYHA class, aetiology, systolic blood pressure, or use of beta-blockers ( Figure 4) . Subgroup analyses for time to first composite event of HF hospitalization or death showed similar results ( Figure 5 ). Patients who did not have LBBB appeared to have less benefit from CRT, especially in the composite outcome, but differences were not statistically significant. QRS duration was similar in patients with LBBB [median (IQR) 160 (150 -180) ms] and RBBB [160 (150-172) ms] but shorter among patients with a non-specific intra-ventricular conduction delay [139 (128 -160) ms], which may account for the trend to less reduction in mortality in the latter group. Removal of the QRS duration interaction term strengthened the interaction term between QRS morphology and the composite outcome (P ¼ 0.031), but not for mortality alone (P ¼ 0.63). There were 14 subjects reported to have both LBBB and RBBB; these are counted in both groups.
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Discussion
This individual patient data meta-analysis confirms the substantial benefits of CRT on morbidity and mortality in patients with mild, moderate, or severe symptoms of HF who have left ventricular systolic dysfunction, are in sinus rhythm, and have a prolonged QRS. After adjusting for QRS duration, LBBB morphology was not a significant predictor of the benefits of CRT. Patients with non-specific intra-ventricular conduction delay had shorter QRS duration and this may account for reports suggesting that such patients receive less benefit from CRT. 7,16 -20 Age, sex, aetiology of disease, LVEF, blood pressure, and use of beta-blockers had no important, independent influence on the effects of CRT on morbidity or mortality. Furthermore, the benefits of CRT were similar whether or not the comparator group received an ICD. The failure of most patient characteristics to predict the effect of CRT in this large individual patient meta-analysis contrasts with that from some individual randomized trials 21, 22 and many smaller observational studies, that variously suggest that older patients, men, those with RBBB, and patients with ischaemic heart disease benefit less than others from CRT. 5, 7, 23, 24 Individual randomized trials may lack statistical power to investigate these issues, and observational studies may be unable to untangle the treatment effect of CRT from the natural history of disease. 25 Use of individual patient data, analysis of QRS as a continuous variable, and the ability to investigate interactions between QRS duration and QRS morphology allowed a more sophisticated and granular analysis than previous meta-analyses that used only aggregated subgroup data. A more detailed analysis of subtle differences in QRS morphology might have identified patterns that provided prognostic information in addition to QRS duration, but such information was not available. Inclusion of a larger number of patients from additional trials would have increased the power to identify or refute any additional contribution from QRS morphology. Our analysis may inform and simplify existing guidelines about the selection of patients for CRT. Current joint guidelines from the American Heart Association and American College of Cardiology strongly recommend CRT implantation in patients with an LVEF ≤35% if the QRS duration is ≥150 ms and LBBB is present. 26 The
Heart Failure Society of America guidelines 27 strongly recommend CRT only when both QRS is ≥150 ms and RBBB morphology is absent, with a weaker recommendation when QRS is 120-150 ms regardless of BBB morphology. The 2012 joint European Heart Rhythm Association and Heart Rhythm Society expert consensus statement also suggested that QRS duration .150 ms was associated with a more consistent response and that non-LBBB morphology was associated with a poor response or even harm. 28 European Society of Cardiology guidelines 29 strongly recommend CRT only when LBBB is present and QRS is ≥130 ms if in NYHA Figure 2 Overall effect of cardiac resynchronization therapy vs. control on all-cause mortality (A) and on death or heart failure hospitalization (B).
IPD meta-analysis of trials of CRT class II or ≥120 ms if in NYHA class III, with a weaker recommendation for patients who have a QRS ≥ 150 ms in the absence of LBBB, regardless of NYHA class. Some guidelines have suggested that recommendations should be based on the characteristics of patients actually enrolled in trials rather than on the trial inclusion/exclusion criteria, which has some merit but requires large data sets to explore effects in less prevalent subgroups. 30 Indeed, such recommendations are advocating, in effect, that guidelines should be based on subgroups within trials rather than the overall effect; most clinical trialists would caution otherwise. It may also create a dilemma if treatment effects are identified in patients who do not appear to fit the study inclusion criteria. Investigators often report a lower LVEF than measured by the central trial laboratory, perhaps reflecting a bias introduced by the threshold LVEF criterion required for study inclusion. 31, 32 In the current analysis, patients with an LVEF .35% measured in the core echocardiography laboratory appeared to derive similar benefit from CRT compared with patients with a lower LVEF even though the entry criteria of most trials might have been expected to exclude such patients. The precise mechanism(s) by which CRT delivers benefit remains elusive. 5, 6 This analysis suggests that there is something about electrical, and presumably electro-mechanical, delay that is fundamental to the effect of CRT. QRS prolongation is associated with poorer ventricular function, 33 but in contrast with QRS duration, no significant association between the effect of CRT and baseline LVEF was noted across the measured range. Improvement in left ventricular function in the months after CRT implantation is associated with a better prognosis. 34 -36 However, patients with ischaemic heart disease have substantially less improvement in ventricular function with CRT, presumably because of myocardial scar, 37, 38 and yet the benefits of CRT on prognosis are remarkably similar in patients with or without ischaemic heart disease. 12, 34, 35, 39 Improvement in left ventricular function after CRT implantation may indicate that the patient has more viable myocardium and therefore an intrinsically better prognosis 40 rather than providing an overriding mechanism by which CRT delivers clinical benefit. Alternatively, patients with ischaemic heart disease may benefit in ways other than improved LVEF, such as by arrhythmia suppression. 41 -43 In some patients, shortened AV conduction and reduction in mitral regurgitation may be an important mechanism of CRT effect. The rise in blood pressure that occurs with successful CRT may exert secondary benefits but could again just be a marker of improved cardiac function. 44 Cardiac resynchronization therapy could also prevent brady-arrhythmic death, although this would only be noticed in studies such as CARE-HF and COMPANION where the control group did not receive a device. 6 There may be no single mechanism by which CRT exerts its effects and the dominant mechanism of benefit may vary from one patient to the next and over time within an individual. 6 This analysis was conducted using common, relatively simple variables that were available from all five trials. It does not preclude the possibility that other markers of cardiac dyssynchrony are superior to QRS duration in predicting benefit from CRT. However, the reduced effect of CRT in patients with QRS duration ,140 ms implies either that the individual benefit is small in such patients or that only a few patients respond or that substantial benefit in some patients is negated by harm in others. Whether measures of ventricular dyssynchrony by imaging are able to identify a patient who is more likely to benefit, and if so which measure, remains controversial. 45 A randomized controlled trial enrolling patients with QRS , 130 ms is addressing this question (enrolment recently stopped); results will be presented at the European Society of Cardiology Congress in 2013. 46 An important limitation of this analysis was the lack of access to individual patient data from two large trials that were funded by Boston Scientific Incorporated. The COMPANION trial would have added a further 1520 patients (308 assigned to the control group), predominantly with NYHA class III or IV HF, a further 313 deaths, and at least 594 events of death or first HF hospitalization. 47 The MADIT-CRT trials would have added a further 1555 patients (618 assigned to the control group) with NYHA class II HF and up to a further 127 deaths and 372 events of death or first hospitalization. 48 This compares with 662 deaths and 1082 events of death or first The corresponding relationship for heart failure hospitalization or death. The intersection of the 95% confidence interval and the line indicating a hazard ratio of 1.0 (no effect) indicates the QRS duration above which there is a high certainty of response.
IPD meta-analysis of trials of CRT hospitalization in the current analysis. Review of aggregate data from these two trials reinforces our findings about the relationship of QRS duration and the benefits of CRT and the relationship between QRS morphology and QRS duration. 16, 24, 47 In both COMPANION and MADIT-CRT, longer QRS duration was associated with greater benefit. In a univariate analysis of MADIT-CRT, despite substantial reductions in cardiac volumes and improvement in LVEF, a trend towards an increase in mortality was observed with CRT amongst patients who did not have LBBB. However, there were few deaths in MADIT-CRT amongst such patients, especially in the small number randomized to the control group. This will have increased the risk of a chance finding of an adverse effect of CRT in patients without LBBB. Our univariate analysis also showed less benefit with respect to the composite of mortality or HF hospitalization in patients without LBBB. However, after adjusting for QRS duration, outcomes were similar whether or not LBBB was present. QRS morphology might play a role in predicting the effect of CRT, but QRS duration appears consistently stronger. Individual patient data-sets that include larger representation of subjects with RBBB or non-specific intra-ventricular conduction delay are required to explore how QRS duration and QRS morphology interact with the effects of CRT on morbidity and mortality. Care should be taken in extrapolating data gathered from patients selected to participate in clinical trials to the wider population of patients with HF who might be considered for CRT. However, the heterogeneity of the studies, in terms of symptom severity, background therapy, and whether the intervention was CRT or CRT-D, may be seen as a strength rather than a limitation of the analysis as these differences did not appear to influence the benefits of CRT. Trials with longer durations of follow-up will have accumulated more events and had a greater influence on the results. Although an absolute benefit of CRT on the composite outcome of first hospitalization for HF or death appeared within 6 months, the absolute benefit for mortality was not obvious until 12-18 months. Shortterm trials will have contributed little to this part of the analysis.
In practical terms, this analysis suggests that the chances of a patient benefiting from CRT diminish when QRS is ,140 ms. If the choice is between CRT or no device, then renewed efforts at medical management are justified rather than preferring device implantation. If the choice is between CRT-D and ICD, then a lower decision threshold of 130 ms may be justified as the patient is already going to have a procedure; there is evidence of benefit in patients with QRS 130-140 ms and QRS duration increases over time. 49 Implanting a CRT-D system initially may prevent the need for a later upgrade with its attendant risk of complications.
In conclusion, this individual patient meta-analysis confirms the benefits of CRT on morbidity and mortality in patients with mild, moderate, or severe symptoms of HF who have moderate or severe left ventricular systolic dysfunction and who are in sinus rhythm with a QRS duration .140 ms. The clinical benefits of CRT in patients with QRS durations between 120 and 140 ms are, on average, smaller and/or less certain. After adjusting for QRS duration, in this analysis, QRS morphology was not a determinant of the clinical response to CRT. Future analyses of these data will investigate whether QRS duration or other variables can predict which patients obtain symptomatic benefits from CRT.
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